Abstract. In this paper we examined the potential impacts of predicted climatic changes on the flora and vegetation in Denmark using data from a digital database on the natural vegetation of Europe. Climate scenarios A2 and B2 were used to find regions with present climatic conditions similar to Denmark's climate in the year 2100. The potential natural vegetation of Denmark today is predominantly deciduous forest that would cover more than 90% of the landscape. Swamps, bogs, and wet forest would be found under moist or wet conditions. Dwarf shrub heaths would be naturally occurring on poor soils along the coast together with dune systems and salt-marsh vegetation. When comparing the natural vegetation of Denmark to the vegetation of five future-climate analogue areas, the most obvious trend is a shift from deciduous to thermophilous broadleaved forest currently found in Southern and Eastern Europe. A total of 983 taxa were recorded for this study of which 539 were found in Denmark. The Sørensen index was used to measure the floristic similarity between Denmark and the five subregions. Deciduous forest, dwarf shrub heath, and coastal vegetation were treated in more detail, focusing on potential new immigrant species to Denmark. Finally, implications for management were discussed. The floristic similarity between Denmark and regions in Europe with a climate similar to what is expected for Denmark in year 2100 was found to vary between 48-78%, decreasing from North to South. Hence, it seems inevitable that climate changes of the magnitudes foreseen will alter the distribution of individual species and the composition of natural vegetation units. Changes, however, will not be immediate. Historic evidence shows a considerable lag in response to climatic change under natural conditions, but little is known about the effects of human land-use and pollution on this process. Facing such uncertainties we suggested that a dynamic strategy based on modeling, monitoring and adaptive management is adopted. Modeling techniques can be constantly improved, but will never be perfect and should therefore be linked to a fine-masked network of observatories to check model predictions and feed empirical data back into the models for calibration and further development.
protection; land acquisition; and specific regulatory powers for the protection of nature. Furthermore, 246 Natura 2000 sites have been established according to the EU Habitats Directive, covering a land area of 3,590 ha, or 8.3 % of Denmark's terrestrial surface. However, the current biodiversity strategy does not take the expected climate change-driven shifts in species ranges into account. It is not an easy task for many reasons: little is known about the persistence of plants when they are exposed to an increasingly unfavourable climate. Will they disappear immediately or persist for an unknown time period (extinction delay) and what is the role of adaptation? What are the effects of increasing levels of carbon dioxide and how will that affect vegetation structure and species competition? Finally, what are the mixed effects of climate change and other well known pressures on plants and biodiversity (eutrophication, fragmentation, changing land-use patterns)?
In this paper we try to estimate the possible consequences of climatic change on the Danish flora by linking IPCC climate scenario predictions for Denmark to maps of the potential natural vegetation of Europe under the present climate. We look at the potential vegetation types for Denmark today and compare them to the potential vegetation types for parts of Europe where the climate today is comparable to the climate expected for Denmark by the year 2100. The comparisons make it possible to estimate the proportion of species that are likely to stay (present under both climatic scenarios), species likely to disappear (species present in Denmark today, but not growing under warmer conditions) and species that would potentially be able to immigrate under climate change.
Material and Methods

Distribution of the natural vegetation of Europe
The distribution of the natural vegetation of Europe (NVE) has been mapped in a large European project spanning 25 years and finalized in 2003 [12] . The aim of the NVE project was to map the potential vegetation in Europe at a scale of 1:2.500.000 according to the indigenous flora and the climatic and edaphic conditions at each site. We used the NVE data set rather than data sets on current land-cover (see, e.g., CORINE land cover project (http://www.eea.europa.eu/publications/COR0-landcover) to focus on the Danish and European native flora and vegetation likely to develop in the absence of human influence under a given climate. The mapping process was based on a phytosociological approach where the fundamental mapping units are characterized by a specific floristic composition. The 698 vegetation units described were linked in a hierarchical system consisting of 19 physiognomic-structural formations, of which 14 represent macroclimatic (zonal) formations and 5 represent azonal formations such as coastal vegetation, mires and swamps. The NVE data set includes a number of descriptors for each vegetation unit, including: total extent in Europe, structural characteristics, lists of typical or dominating species (divided into trees, shrubs, lianas, herbs and mosses), diagnostic characteristics, climatic and edaphic conditions where the unit is found, typical land-use, major threats, etc.
Climatic equivalents of Denmark's future climate in Europe today
The Intergovernmental Panel of Climate Change [13] has developed a number of scenarios that make different assumptions for future greenhouse gas pollution, land-use and other driving forces. We used the A2 and B2 future climate scenarios in the present study. They are commonly used to represent a severe, business-as-usual scenario (A2) and a more optimistic scenario where relatively smaller climatic changes are expected (B2). It is worth noting that emission so far has exceeded the A2 scenario ( [13, 14] ).According to the A2 scenario, a mean annual increase of 3.1˚C is predicted in year 2100 for Denmark and correspondingly 2.2˚C for the B2 scenario (www.klimatilpasning.dk). Both scenarios predict the approximate same change in precipitation patterns with a yearly increase in precipitation of 8-9%, but with wetter winters and drier summers than today. Based on climatic data for the two scenarios (TYN_SC 1.0; [15] ) we calculated a measure of available energy, extreme minimum temperature and water deficit (see [6] for details) and created climatic envelopes for Denmark in year 2100 using the method described in [6] , (implemented in ArcGIS 9.3, ESRI, In turn, these regions were overlain the map of the natural vegetation of Europe. This makes it possible to extract and analyse the floristic composition of each subregion and make comparisons with the present Danish flora.
Analysis
Lists of present vegetation units were prepared for Denmark and each of the five future-climate analogue regions (see Figure 1) , and all taxa belonging to these units were extracted from the NVE database. In the analysis we included taxa at the species and subspecies levels. The NVE database does not attempt to list all species from each unit, but focus on common, characteristic, or diagnostic species so our analysis does not quantify the potential changes for the whole flora, but concerns the native species that are typical for the different vegetation units registered for Denmark and futureclimate analogue regions. The area of Denmark is relatively small compared to the other subregions and taxa from the Danish flora may therefore be underrepresented in the NVE database. To compensate for this we also created a complete list of taxa for all subregions and checked if taxa not recorded for Denmark in the NVE were known to be a part of the Danish flora. The floristic similarity of the sub-regions based on their species composition were analyzed using the Sørensen index (values between 0 and 1: from 0 to 100% similarity) [16] . The susceptibility to climatic warming of the current native flora of Denmark was appraised using each species overall distribution in Europe according to the NVE database.
An Index of Resistance to warming (IoR) was created by assigning each species a total score between 0 and 100 based on its current distribution. Scores are relative and reflect the span of a species' climatic niche. Species present in sub-region I were assigned a score of 5, species present in subregion II were given a score of 20 and the presence in subregion II, IV or V each added another 25 to the index. Species with a score of 100 are thus present in all of the subregions and considered to be least vulnerable to warming. Species present in Denmark today, but not listed as characteristic species in any of the future-climate analogue areas were considered most vulnerable (score = 0). It is important to understand, however, the limitations of the index. A low index of resistance may be a result of: (1) false negatives (i.e., a species not recorded for a vegetation unit in NVE, but present in the region anyway); and (2) rare cases where a species not present in any of the subregions, but occurring under warmer conditions elsewhere in Europe. The index of resistance should therefore be seen as a first, crude attempt to estimate the proportion of species at risk.
The immigration potential for a species not yet present in Denmark was estimated as a relative measure of the area they fill now and their nearness to Denmark. An Index of Immigration (IoI) was developed using the following scores: presence in ( (Table 1a) . The most common azonal vegetation types are sand-dunes and salt-marsh vegetation typical of exposed and sheltered coast zones, respectively. Swamps, bogs, and wet forest dominated by Alnus glutinosa or (rarely) Quercus robur, Fraxinus excelsior, and Ulmus glabra constitute the potential natural vegetation in moist habitats (Table 1b) . As noted in the introduction the vegetation in Denmark has been strongly modified by human landuse during millennia, so the map of the natural vegetation does not reflect the current vegetation. In reality, forest covers about 12% of the area, but the majority is planted and managed intensively. Heathland and open grassland covered large areas in Denmark 100-200 years ago due to soil degradation and overgrazing, but most of this land is now under intensive agriculture. Nevertheless, vegetation similar to potential natural vegetation occurs patchily across Denmark. Table 2 shows the main vegetation formations found in Denmark and in the five future-climate analogue regions today. The most apparent pattern is the clear differences in the dominating major vegetation formations. In Denmark, temperate, deciduous forest is the absolute dominating major formation. This formation is gradually replaced by thermophilous broadleaved forest towards the South and East in the future-climate analogue areas. Dwarf shrub heath is presently not common in Denmark, but very rare in future-climate analogue areas, or even virtually non-existent in Northern Italy and the Balkans. These differences give an indication that major vegetation changes might be expected given 21 st century climate changes. Some dissimilarities are caused by special topographic or edaphic features, e.g., the occurrence of poor soils, high salinity, or occurrence of large rivers and deltas, and therefore unlikely to be representative for potential future vegetation in Denmark. Most of the other subregions, for example, have a high proportion of floodplain vegetation; a type that is very rare in Denmark that has no large river and delta systems. Another feature that separates Denmark from the other areas is the relative high proportion of sand dune and salt march vegetation found here. 
Results and discussion
The natural vegetation of Denmark
Danish vegetation today compared to the vegetation of future-climate analogue areas
Richness -species numbers and floristic similarity between regions
The main results of the analyses of species richness are shown in Table 3 . The total number of taxa recorded in this study is 983. The number of species recorded for Denmark includes both species listed in the descriptions of vegetation units mapped for Denmark and additional species which are known to occur in these vegetation units (Table 1) in the country (naturally or introduced). The similarity between different floras are described using the Sørensen similarity index [16] . The results are shown in the last column of Table 3 . The number of species per future-climate analogue area was calculated as the number of taxa found in the description of each vegetation unit present in the region. These descriptions are not complete, but represent common, typical or diagnostic species of the particular vegetation unit in its total distribution area. The species numbers are therefore not total counts of the floristic diversity of the future-climate analogue areas. 
Possible changes in species composition
Forest
Under the current climatic regime temperate forest would be the dominating natural vegetation type in Denmark and most of the study area without human disturbance. However, natural forest has probably had a certain degree of openness allowing many open to semi-open vegetation types to co-exist [17] .
Many of these open vegetation types have become much more widespread in historical times due to traditional land-use, e.g., forest clearing and extensive grazing, and are frequently regarded as seminatural secondary. Their flora, nevertheless, represents an integral part of the natural species pool. The temperate forest type formation includes forest on rich as well as very poor soil and is species rich, with 306 taxa recorded for the formation in Denmark (Table 4) . Of these, 53 scores less than 100 points on the Index of Resistance and could thus be be considered threatened to some degree by the impending climate change. However, we checked the NVE distributions against an on-line, virtual flora published by The Swedish Museum of Natural History that shows the distribution of more than 2,000 taxa in the Nordic countries and on the Northern Hemisphere (http:/linnaeus.nrm.se/flora/). These maps showed wider distributions for all species but one (Rubus saxatilis) which indicates that the NVE approach may be too imprecise to provide a reliable measure of risk. A total of 179 species are found in warmer climates, but are not yet present in Denmark and might be considered potential immigrants (Index of Immigration > 0). As we have adjusted the list of species present in Denmark, this index is probably more useful than the IoR. Examples of potential immigrants are shown in Table  5 .
One of the most prominent changes to be expected under a warmer climate is a shift from dominance of temperate deciduous trees and shrubs to a higher percentage of drought-resistant summer-or wintergreen broadleaved woody species characteristic of the thermophilous forest formation currently found in south-central Europe. An ongoing vegetation shift from indigenous deciduous to exotic evergreen species has already been observed in forests of southern Switzerland [3] . A conspicuous floristic element of the thermophilous broadleaved forests are species of the genus Quercus, e.g., Q. pubescens, Q. cerris, Q. frainetto. The thermophilous forest formation occupies a transitional position between temperate forest in the North and the Mediterranean sclerophyll forest and the xerophytic coniferous forest to the South and the forest steppes of the East. Floristically, the transitional position is shown by the number of shared species among the formations mentioned. The formation is not considered a naturally occurring formation for Denmark, but it is noteworthy that of 315 taxa recorded for this vegetation formation in the study area 167 are already present in Denmark and the remaining 148 taxa could be considered potential immigrants. Examples of potential immigrants typical of the thermophilous forest formation are shown in Table 5 . 
Dwarf shrub heath
Dwarf shrub heath is dominated by dwarf shrub species of the genera Calluna, Empetrum, Erica and Genista, but grasses, mosses and lichens are also common. Dwarf shrub heaths occur naturally on species poor, acid soils, but their distribution in Denmark and elsewhere increased through history as a result of specific forms of land-use (e.g. grazing, fire or turf-cutting). In the last century modern, intensive agriculture and afforestation has reduced the extent of dwarf shrub heaths dramatically. True climax heath vegetation occurs in coastal or mountain areas of the British Isles whereas its distribution in the study area is limited and mainly restricted to the Atlantic coast in Denmark and in Northern France. Nevertheless the remaining patches of dwarf shrub heath have a high priority in nature management in Denmark. The formation is relatively species poor and Table 4 shows that 52 taxa are recorded for Denmark. Of these, 18 have an Index of Resistance <100. The distribution of these taxa was checked againg the virtual flora as described above and only one species, Empetrum nigrum, can be considered seriously threatened by a warming climate. An additional eight species are found in warmer climates, but not in Denmark and might be regarded as potential immigrants. Examples of potential immigrants are shown in Table 5 .
Coastal vegetation -dune and salt marsh vegetation
Coastal vegetation is formed by processes of sedimentation and removal of sediments along the coasts and by flooding as a result of tidal waters. The vegetation must be able to endure continuous erosion and deposition of sand and/or the impact of sea salt. Only a limited number of species have adapted to this very special habitat and climate is generally considered to be of secondary importance for the distribution of halophytic vegetation and the many species have similar, large and widespread distributions. The coastline of Denmark is very long compared to the size of the country (> 7,000 km) and the dune systems and salt marshes are well developed in different forms on exposed and sheltered coasts and the fraction of land with this formation is the highest in the study area (see Table 2 ) and more than five times the average value. Vegetation units belonging to the formation are distributed in a narrow fringe along the Atlantic coast from Denmark through Germany, Holland, Belgium and France to the Pyrenees. The formation has 83 taxa recorded for Denmark. Of these, 60 has an Index of Resistance <100 and can be considered threatened to some degree by climate change; this is the highest percentage threatened species for the formations considered. Also, when checking against the virtual flora (see above), 17 species remain in the list. However, 61 species are found in warmer climates and could be potential immigrants, which is also the highest number found in this study. As long-distance dispersal is likely to be much more effective in these coastal systems (because species are adapted to dispersal in a highly dynamic system and dispersal by sea currents), coastal vegetation may be expected to exhibit faster and stronger response to 21 st climate change. This is particularly noteworthy as dune vegetation is a prioritized habitat within the European Natura 2000 network. Examples of potential immigrants are shown in Table 5 . Likely immigrants include Euphorbia paralias, a potentially aggressively expanding species that is considered a noxious weed in Australia where it has been introduced. Another species that could benefit from global warming in Denmark is Ulex europaeus, a thorny shrub capable of forming large thickets in fixed dunes. This is an example of a species already introduced in Denmark which may naturalize rapidly when climate conditions become suitable. NVE covers the whole flora of Europe in contrast to the Atlas Flora Europaea that is the traditional source of plant distribution data for Europe but covers only ca. 20% of the total flora. (2) The NVE uses a phytosociological approach and thus provides a good overview of vegetation assemblages (as seen today), the species that characterize them and their preferred environment. The shortcomings are:
(1) the lists of species assigned to each vegetation unit are not complete which makes it difficult to compare units and to extract the precise distribution for individual taxa. (2) Some vegetation units cover relatively large areas which decrease the spatial resolution of the data.
In conclusion, plant distribution data from the NVE cannot replace traditional data sources, but it provides a wealth of suppplementary information and offers a valuable vegetation/ecosystem perspective to climate envelope modelling that traditionally focuses on individual taxa or measures of species richness and diversity. A number of general conclusions can be drawn from this study and from the literature. It seems reasonably clear that:
• Substantial changes will happen. Climate change of the magnitude foreseen will alter the distribution of the flora and, hence, the future species composition of the natural vegetation.
Range shifts of individual species, however, are extremely difficult to accurately predict with the available model tools and the present knowledge of the climatic tolerances and dispersal abilities of the species.
• Natural change is slow. Analyses of biogeographic patterns of plant species and historic evidence show that many if not most plants will be unable to keep track of the expected climatic changes. This will probably cause time lags over perhaps hundreds of years before many of the new immigrants from south will appear in Denmark (and some are likely to simply fail to shift northwards). Nevertheless, potential immigrant species occurring close to Denmark, for instance in Germany, could arrive relatively fast, notably species adapted for long-distance dispersal and species that thrive in the current landscape, dominated by intensive agriculture. Fast immigration is also expected for coastal vegetation, with many species adapted for efficient long-distance dispersal by sea currents. In Denmark the invasive Rosa rugosa is a good example of this.
• The direction and speed of change in a human modified landscape is much more difficult to predict. Human land-use has transformed the landcover of Europe and most landscapes are characterized by fragmented patches of natural vegetation in a matrix of agricultural land. This will significantly reduce the natural dispersal capacity of many species (habitat specialists), but enhance the distribution of others (mainly generalist species). Translocation of species, e.g., the use of non-native, 'exotic' plants in gardens, parks or forests, is another important factor that may provide some species a head start, because they will already be present in the areas where the climate becomes suitable. This study may underestimate this threat to a certain degree as the NVE atlas exclude non-European species, e.g., Robinia pseudacacia and Buddleya davidii that are problematic invasive species in large parts of Europe south of Denmark. Both species are widely planted in Denmark and selfsown individuals already occur locally in urban areas.
• Changes affect species independently. The future composition of vegetation types may very well be different from what we see today. Historic evidence also shows that vegetation units vary through time [21] . There is, however, a large overlap of species present in Denmark now and in vegetation types occurring in the five subregions further south.
• Immigration of new species will not necessarily lead to extinction of native species. Recent evidence (Svenning et al., this volume) shows that many areas of Europe are not saturated with species. This indicates that most plant communities will be able to absorb new immigrants without losing native species. Native species already threatened by climate change are more vulnerable to competition with new immigrants and may therefore become extinct. Facing an uncertain, but rapidly changing future the best solution is probably to adopt a dynamic strategy based on modelling, monitoring and adaptive management. Modelling techniques are constantly improved, but will never be perfect and should therefore be linked to a fine-masked network of observatories to check model predictions and feed empirical data back into the models for calibration and further development.
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